INTRODUCTION
============

Crohn\'s disease (CD) is characterized by recurrent inflammation of the gastrointestinal tract with inappropriate or delayed healing, and it affects genetically susceptible individuals who are exposed to environmental risk factors ([@b1-cln_68p457]). Although great advances have been made recently in the understanding of CD etiopathogenesis ([@b2-cln_68p457],[@b3-cln_68p457]), the medical management of CD continues to be challenging. The objective assessment of disease activity and response to therapy has become progressively more critical for individualized and optimized care, as the decision of whether and when to initiate novel therapies may alter the natural course of CD ([@b4-cln_68p457]).

Serial assessment of CD activity is regarded as a fundamental tool in the follow-up of patients and allows the identification of specific conditions that may influence clinical decisions. Several methods have been used to investigate CD activity, but there is no consensus reference method ([@b5-cln_68p457],[@b6-cln_68p457]). Even the Crohn\'s disease activity index (CDAI), which is the most used and cited reference method, has limitations because of the subjectivity of some of its criteria ([@b7-cln_68p457]). Endoscopic methods are commonly used for the diagnosis and follow-up of CD patients; however, these methods are invasive, expose patients to some potential risks, usually require hospitalization, are expensive and still have some limitations depending on the disease location ([@b8-cln_68p457]). Therefore, a new alternative method should be simple, reproducible and noninvasive to monitor disease activity and response to therapy in CD; such a new method could become an invaluable adjunct to clinical practice.

Recent advances in vascular biology have defined a key role for the microcirculation in both the initiation and perpetuation of inflammatory bowel diseases (IBD), including CD. In particular, angiogenesis has been detected in surgical samples of both the small and large bowel affected by CD ([@b9-cln_68p457]). In addition to histopathologic changes, CD is also accompanied by remarkable changes in the splanchnic circulation, as demonstrated by imaging studies ([@b10-cln_68p457],[@b11-cln_68p457]).

Doppler sonography allows the assessment of the splanchnic circulation and permits the measurement of various parameters in the mesenteric arterial and venous vasculature. In recent years, several studies with Doppler sonography have been conducted to evaluate splanchnic hemodynamics in CD ([@b12-cln_68p457]-[@b14-cln_68p457]). As an adjunct for CD evaluation, preliminary Doppler sonography studies have focused on the potential relationship between disease activity and intestinal blood flow data, typically using flow parameters of the superior mesenteric artery (SMA). However, these studies have produced conflicting results ([@b15-cln_68p457]-[@b21-cln_68p457]).

The aim of this prospective study was to evaluate the potential application of Doppler sonography of the abdominal aorta and SMA as a method for assessing CD disease activity.

PATIENTS AND METHODS
====================

The study protocol was approved by the Ethical Committee of the University Hospital of Federal University of Rio de Janeiro and was therefore performed in accordance with the ethical standards described in the 1964 Declaration of Helsinki. All subjects gave their informed consent prior to inclusion in the study.

Study population
----------------

Forty-eight consecutive patients with Crohn\'s disease (CD) involving the ileum and/or the right colon were enrolled in this study. Clinical diagnosis of CD was confirmed by the combination of radiological, endoscopic and histological criteria. Twelve patients with irritable bowel syndrome (IBS) comprised the control group. A third group composed of 22 healthy individuals, matched for age and gender, was included for comparative analysis.

The patients with CD consisted of 28 females and 20 males, with a mean age of 38 years (range: 18-57 years). According to the Montreal Classification ([@b22-cln_68p457]), most (80.5%) CD patients are diagnosed before the age of 40 years. The classification of disease activity was determined by a combination of a history, physical examination, laboratory investigation, colonoscopy, barium study and Crohn\'s disease activity index (CDAI) for each patient ([@b23-cln_68p457]). The disease was categorized as active if the CDAI was ≥150 and inactive if the CDAI was \<150. The mean value observed for disease activity was 102.9 (range 16-264). Twenty-four subjects were in remission at the time of the study, whereas the other 24 had moderately to severely active CD (score of ≥150); none of the patients had a CDAI score above 450.

To establish the most homogeneous CD group and to minimize potential confounding physical factors, only patients with ileum and/or right colon involvement were selected for analysis; patients with any history of prior extensive surgery involving the small bowel or colon (extensive ileal resection with ileo-transverse-anastomosis and right hemicolectomy) were excluded from this study. The disease location was ileocolonic in 55.3% of the patients, restricted to the right colon in 27.9% and exclusively in the terminal ileum in 16.8%. Regarding disease behavior, the prevalence of predominantly penetrating, stricturing and nonpenetrating nonstricturing forms was 39.6%, 35.4% and 25.0%, respectively. Twelve patients were taking prednisone (10-40 mg/day) in combination with other medications, whereas three patients were taking prednisone only. Seventeen patients were using mesalamine (2-4 g/day) alone or in combination with another group of drugs, and ten patients were taking azathioprine (2-2.5 mg/kg/day). Among the patients with CD, a previous history of intestinal resection was present in 37.5% of the patients with active disease and in 25% of the patients in remission.

The control group consisted of 22 healthy volunteers, with 15 females and 7 males and a median age of 33 years (20-55 years). An additional control group comprised patients with IBS, with 10 females and 2 males and a median age of 46 years (range: 27-65 years). All of the patients presented with chronic functional diarrhea, fulfilled the positive Rome III criteria for IBS and had normal colonoscopies and no histological abnormalities.

Regarding the mean age of the study groups, no significant difference was found between CD patients and the controls (*p* = 0.885) or IBS (*p* = 0.159) patients or between the controls and IBS patients (*p* = 0.091).

Study Protocol
--------------

This cross-sectional study was conducted at a tertiary care setting (University Hospital of the Federal University of Rio de Janeiro) between April 2004 and December 2009. The study population was representative of patients undergoing regular follow-up in the gastroenterology outpatient unit. All of the patients were clinically evaluated and received a CDAI score during the same week of the Doppler measurements. The extent of disease was evaluated using a barium enema and/or colonoscopy. Exclusion criteria were age over 65 years and under 18 years, tobacco smoking, and any chronic disease that could have significant hemodynamic effects, such as advanced renal disease, vascular disease, cardiac failure and cor pulmonale. None of the subjects in the study were taking any cardiovascular medications, such as alpha- or beta-blocking agents, calcium-channel blockers, angiotensin-converting enzyme inhibitors, angiotensin II receptor antagonists, alpha-2 agonists, hydralazine or nitrates.

Doppler measurements
--------------------

Color Doppler and gray-scale sonography analyses of the aorta and the superior mesenteric artery (SMA) were performed in all participants involved in this study. Color Doppler sonography was performed using a Philips HDI-3000 ultrasound system with a 3.75 MHz B-mode convex transducer (Andover, Massachusetts, USA). The color Doppler analysis was initiated 15 minutes after rest, in the supine position and following a 12 hour fast to minimize the influence of exercise, postural changes and meals on hemodynamic variables. The same investigator, who was unaware of the clinical status of the patients, examined all of the subjects in the study.

The aorta and the SMA were studied in real time, and the cross-sectional area was calculated during diastole. The arteries were then examined in the long axis using an insonation angle of less than 60 degrees. For the aortic measurements, the parameters were acquired after the SMA emergence.

The following parameters were measured: cross-sectional area (cm^2^), peak systolic velocity (cm/s), end diastolic velocity (cm/s) and resistive index. Each parameter was recorded three times from three different cardiac cycles and averaged for each patient to minimize random error. The flow volume (ml/min), pulsatility index and mean velocity (cm/s) were automatically calculated from digitized spectral velocity waveform envelopes stored on a computer and analyzed using HDI Laboratory software \[ATL (Advanced Technologies Laboratories); Philips Ultrasound\].

Statistical Analysis
--------------------

Statistical analyses were performed using the statistical software SPSS for Windows (Version 10.1, SPSS Inc., 1989-1999, USA). Significant differences among the experimental groups were evaluated using the non-parametric Kruskal-Wallis ANOVA ranks test, whereas the Mann-Whitney test was applied for pairwise comparisons. Correlations between sonographic measurements and the CDAI were assessed using the Spearman rank correlation coefficient. Values were expressed as medians with 95% confidence intervals. Selected sonographic parameter-related sensitivities and specificities with positive and negative predictive values and overall accuracy rates for CD activity were calculated. The level of significance was set at *p*\<0.05.

RESULTS
=======

Doppler measurements and potential clinical utility for CD
----------------------------------------------------------

Doppler sonography measurements were successfully obtained from all individuals referred to the study. The sonographic parameters described were calculated for each of the 82 subjects examined. The median values (with 95% confidence intervals) for each Doppler measurement in the CD group, healthy volunteers and IBS group are summarized in [Table 1](#t1-cln_68p457){ref-type="table"}. Most measurements in the aorta and in the superior mesenteric artery were significantly different among the three groups. For the aortic measurements, the cross-sectional area (CSA), maximum flow volume (Q), end diastolic velocity (EDV) and pulsatility index (PI) were significantly lower, whereas the resistive index (RI) was higher in the CD patients than in both control groups ([Table 1](#t1-cln_68p457){ref-type="table"}). For the SMA measurements, the maximum flow volume (Q), peak systolic velocity (PSV) and the end diastolic velocity (EDV) were higher in the CD patients than in the control groups ([Table 1](#t1-cln_68p457){ref-type="table"}). No significant difference was detected between healthy volunteers and IBS patients (data not shown).

Doppler measurements and assessment of CD activity
--------------------------------------------------

To determine Doppler sonographic parameters for the assessment of Crohn\'s disease activity, the relationship between the measurements obtained for CD patients and the CDAI scores was analyzed. Significant correlations were found between the CDAI and aortic maximum flow volume (Q) (CC = 0.374, *p* = 0.009) and aortic peak systolic velocity (PSV) (CC = 0.305, *p* = 0.035). Of all the parameters analyzed, only the aortic Q and aortic PSV were significantly different, with lower values in the active CD patients than in the inactive CD patients ([Tables 2](#t2-cln_68p457){ref-type="table"}) and [3](#t3-cln_68p457){ref-type="table"}). Of note, none of the patients in the active group scored higher than 317.

Next, we analyzed the two variables in the aorta to distinguish between active and inactive CD and also determined cut-off points for stratification of patients. Arbitrary cut-off values of aortic Q\<4500 mL/min and an aortic PSV\<70 cm/s were chosen so that the maximum possible number of CD patients was correctly classified according to disease activity. The overall sensitivity, specificity, accuracy, positive predictive value and negative predictive value were calculated for both parameters ([Table 4](#t4-cln_68p457){ref-type="table"}).

DISCUSSION
==========

In the current study, we demonstrated the technical feasibility and potential clinical utility of Doppler sonography for patients with CD. The sonographic parameters analyzed showed that most measurements in the aorta and in the superior mesenteric artery were significantly different in the CD patients relative to either healthy subjects or patients with IBS. For assessment of disease activity, only the aortic measurements of maximum flow volume and aortic peak systolic velocity were significantly correlated with CDAI, with lower values in active CD. In addition, after selecting these two parameters, we determined cut-off points to accurately classify patients with regard to disease activity. The results indicate that the stratification of aortic maximum flow volume and peak systolic velocity values allowed a simple and accurate distinction to be made between active and inactive CD patients.

Despite advances in clinical techniques, the optimal therapy for CD still depends on correct classification of disease activity. Although substantial efforts have been made to develop new methods for evaluating CD activity, the CDAI is still the most widely used method in clinical trials and in routine practice, including the analysis of the response to treatment. In the last decade, abdominal Doppler ultrasound has been presented as a potential alternative for the evaluation of CD activity and is predominantly based on measurements obtained in the SMA. In addition, neovascularization and hyperemia of inflamed areas of the gut have also been investigated with the use of color Doppler and power Doppler ([@b24-cln_68p457],[@b25-cln_68p457]) as well as pulsed Doppler spectral analysis ([@b26-cln_68p457],[@b27-cln_68p457]). In this study, in addition to comparing SMA measurements with data from previous studies, we demonstrated for the first time the simultaneous acquisition of SMA and abdominal aorta measurements.

We demonstrated in this study that most of the parameters analyzed by Doppler ultrasound examination were significantly different between patients with CD and control individuals. Overall, our data appear to agree with previous studies that also detected differences in splanchnic hemodynamics in CD ([@b14-cln_68p457]),. Furthermore, the opposing results for the aortic and SMA parameters in the same individuals support the presence of different levels of macrovascular control in the splanchnic circulation and possibly the existence of pathologic compensatory mechanisms in CD hemodynamics. Although Doppler sonography is not required for the diagnosis of CD and is not being proposed as a new diagnostic tool, the results presented here support the general hypothesis that vascular abnormalities are constitutive elements in the pathogenesis of CD ([@b31-cln_68p457],[@b32-cln_68p457]).

With regard to CD activity, prior studies on Doppler sonography have presented conflicting results. In a recent study, Doppler sonography for the evaluation of the SMA by segments in gray scale was presented as an excellent method for assessing CD activity ([@b33-cln_68p457]). Other studies on the analysis of specific SMA measurements have suggested that either the resistance index ([@b17-cln_68p457],[@b18-cln_68p457]) or the maximum flow volume ([@b13-cln_68p457],[@b29-cln_68p457]) is the best parameter for differentiating CD patients. In contrast, a similar study failed to correlate the hyperdynamic mesenteric circulation detected in CD patients with the clinical or biochemical activity of the disease ([@b14-cln_68p457]). In agreement with these results, our Doppler measurements obtained in the SMA confirmed the presence of hyperdynamic circulation in CD; however, these measurements could not distinguish disease activity among patients. In contrast, the significant differences in aortic measurements were correlated with disease activity. The most accurate Doppler parameter for the evaluation of CD activity was the estimated intensity of the maximum flow volume and peak systolic velocity; both of these parameters were shown to be lower in active CD.

Previous studies questioned the reliability of results obtained by Doppler sonography of small size vessels for the evaluation of CD activity ([@b15-cln_68p457],[@b17-cln_68p457]). Similarly, we present superior results from the aorta relative to the SMA; this difference is likely associated with the dimensions and particularly the diameter of the vessels involved. Previous major abdominal surgeries could also impose technical difficulties and affect the overall quality of results ([@b28-cln_68p457]). To minimize this potentially confounding factor in our study, we only examined patients who had never been submitted to any abdominal surgery and patients who underwent only minor surgical procedures, such as an inguinal hernia repair, cholecystectomy or appendectomy.

Of note, this study inadvertently selected consecutive CD patients with a relatively low intensity of disease based on the CDAI. In contrast to most studies where patients with a CDAI\>450 have been categorized as having a high degree of activity, we only analyzed patients with a CDAI between 9 and 317. This factor may explain some differences between our results and those of other studies, especially concerning the SMA measurements. Moreover, the narrow range of disease activity may not have allowed a clear discrimination among the CD subjects enrolled in this study. Therefore, further studies with a higher number of both patients and control subjects are necessary to confirm the findings and the utility of Doppler sonography as an adjunctive tool for the evaluation of CD.

In conclusion, as a feasible and accurate technique, Doppler sonography of the aorta is a novel noninvasive adjunct method that may be useful in the clinical follow-up of patients with CD.
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###### 

Doppler sonography evaluation of the abdominal aorta and superior mesenteric artery of patients with CD, healthy volunteers and IBS patients.

                       CD                   Control              IBS                  *p* value^a^
  -------------------- -------------------- -------------------- -------------------- --------------
  Abdominal aorta                                                                     
  Aortic CSA (cm^2^)   1.75 (0.92-3.27)     2.15 (1.20-5.30)     2.62 (1.10-4.05)     0.021
  Aortic Q (mL/min)    3093 (1416-8638)     4558 (2126-11285)    4130 (2128-9125)     0.017
  Aortic PSV (cm/s)    77.5 (45.3-167.4)    79.4 (50.7-152.9)    80.9 (38.9-104.1)    0.918
  Aortic EDV (cm/s)    2.8 (0-33.6)         14.2 (0-39.4)        8.4 (0-26.3)         0.010
  Aortic RI            0.95 (0.73-1.14)     0.80 (0.72-1.0)      0.89 (0.72-1.0)      0.010
  Aortic PI            2.5 (1.4-3.0)        1.7 (1.4-3.0)        2.1 (1.4-3.0)        0.015
  Superior m. artery                                                                  
  SMA CSA (cm^2^)      0.35 (0.17-0.73)     0.33 (0.20-0.67)     0.27 (0.14-0.55)     0.097
  SMA Q (mL/min)       1905 (846-6770)      1334 (510-5296)      1166 (485-2972)      0.006
  SMA PSV (cm/s)       202.3 (77.4-365.6)   151.2 (77.3-247.2)   145.4 (99.7-298.4)   0.008
  SMA EDV (cm/s)       33.8 (9.1-97.2)      24.1 (11.4-55.4)     24.0 (15.5-64.2)     0.008
  SMA RI               0.81 (0.67-0.94)     0.84 (0.67-0.94)     0.85 (0.78-0.89)     0.089
  SMA PI               1.76 (1.20-2.53)     1.88 (1.22-2.50)     1.91 (1.64-2.18)     0.139

CD, Crohn\'s disease; IBS, irritable bowel syndrome; SMA, superior mesenteric artery; CSA, cross-sectional area; Q, maximum flow volume; PSV, peak systolic velocity; EDV, end diastolic velocity; RI, resistive index; PI, pulsatility index. The values presented are the medians with 95% confidence intervals. ^a^Kruskal-Wallis H test.

###### 

Doppler sonography evaluation of the abdominal aorta of patients with active and quiescent Crohn\'s disease based on the CDAI.

                       Active CD           Quiescent CD        *p* value^a^
  -------------------- ------------------- ------------------- --------------
  Aortic CSA (cm^2^)   1.55 (1.00-3.30)    1.90 (0.90-3.20)    0.166
  Aortic Q (mL/min)    2685 (1362-6182)    3751 (1733-9095)    0.010
  Aortic PSV (cm/s)    69.4 (54.2-143.4)   90.7 (45.2-169.5)   0.036
  Aortic EDV (cm/s)    1.70 (0-16.1)       3.95 (0-35.9)       0.394
  Aortic RI            0.99 (0.77-1.20)    0.90 (0.73-1.00)    0.155
  Aortic PI            2.85 (1.60-3.00)    2.35 (1.40-3.00)    0.314

CD, Crohn\'s disease; CSA, cross-sectional area; Q, maximum flow volume; PSV, peak systolic velocity; EDV, end diastolic velocity; RI, resistive index; PI, pulsatility index. The values presented are medians with 95% confidence intervals. ^a^Mann-Whitney test.

###### 

Doppler sonography evaluation of the superior mesenteric artery of patients with active and quiescent Crohn\'s disease based on the CDAI.

                    Active CD            Quiescent CD         *p* value^a^
  ----------------- -------------------- -------------------- --------------
  SMA CSA (cm^2^)   0.33 (0.20-0.61)     0.38 (0.16-0.74)     0.228
  SMA Q (mL/min)    1620 (871-3609)      2093 (840-6833)      0.322
  SMA PSV (cm/s)    203.0 (75.1-366.3)   200.5 (85.7-355.7)   0.818
  SMA EDV (cm/s)    30.75 (7.60-94.6)    37.0 (14.3-98.0)     0.433
  SMA RI            0.82 (0.67-0.95)     0.78 (0.67-0.93)     0.285
  SMA PI            1.81 (1.20-2.56)     1.65 (1.22-2.41)     0.774

CD, Crohn\'s disease; SMA, superior mesenteric artery; CSA, cross-sectional area; Q, maximum flow volume; PSV, peak systolic velocity; EDV, end diastolic velocity; RI, resistive index; PI, pulsatility index. The values presented are medians with 95% confidence intervals. ^a^Mann-Whitney test.

###### 

Critical analysis of selected Doppler sonography parameters for detecting active Crohn\'s disease based on the CDAI.

  Variable (s)              Sensitivity     Specificity     Accuracy        Positive Predictive Value   Negative Predictive Value
  ------------------------- --------------- --------------- --------------- --------------------------- ---------------------------
  Aortic Q \< 4500 mL/min   16 of 20 (80)   16 of 28 (57)   32 of 48 (67)   16 of 28 (57)               16 of 20 (80)
  Aortic PSV \< 70 cm/s     15 of 20 (75)   21 of 28 (75)   36 of 48 (75)   15 of 22 (68)               21 of 26 (81)

Q, maximum flow volume; PSV, peak systolic velocity. The values presented are the number of findings with percentages in parentheses.
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